REMARKS 

Reconsideration of this application is respectfully requested. Claims 42-45, 61, 
and 74 have been rewritten in independent form. Applicants respectfully submit that claims 42- 
45, 61, and 74 have not been amended for reasons substantially related to patentability and have 
not been narrowed. Claims 1-93 are pending. Because claims 1-41, 46-60, 62-73, and 75-84 
have been withdrawn from consideration, only claims 42-45, 61, 74, and 85-94 are at issue. 

Claims 42-45, 61, and 74 have been objected to for depending from non-elected 
claims. Claims 42-45, 61, and 74 have been rewritten in independent form. Accordingly, 
applicants respectfully request withdrawal of this objection. 

Claims 88-92 have been rejected under 35 U.S.C. §112, second paragraph, as 
indefinite. The terms "total crystallinity" and "Rx" are allegedly vague. The term *total 
crystallinity" or degree of crystallinity (Xc) is well known in the art, and may be determined by 
known methods such as those described at page 17, line 30, to page 18, line 7, of the 
specification. The term "Rx" refers to reflectance, which is defined in the G. A. Smook, 
Handbook of Pulp & Paper Technologv (p. 232) (Exhibit 1), as the ratio of the intensity of the 
light reflected by a paper test specimen to the intesity of light reflected by a perfectly reflecting, 
perfectly diffusing surface. The Rx value of a sample may be determined by known methods 
such as those described at page 18, lines 8-16, of the specification. 

Rejection over Omiva 

Claims 42-45 have been rejected under 35 U.S.C. § 102(b) as anticipated by 
Omiya (U.S. Patent No. 4,508,894). 
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The Present Inveption 



A brief review of the chemistry and properties of cellulose and cellulose 
derivatives will put the invention in perspective and show how it is distinguishable from the prior 
art cited in the rejection. Mercerization is the swelling action of concentrated alkali, usually 
sodium hydroxide, on cellulose. Since cellulose is not soluble in water, the reaction is conducted 
as a heterogeneous reaction upon an aqueous slurry of cellulose fibers in water. The complete 
range of temperature and concentration conditions for mercerization with sodium hydroxide have 
been exhaustively studied by X-ray methods on mercerized and recovered cellulose. See 
Cellulose and Cellulose Derivatives, Volume V of HIGH POLYMERS, edited by Emil Ott, 
pages 272-345 on Mercerization, Interscience PubUsher, Inc., New York, NY, 1943 (Exhibit 2). 
See especially, Ott at 273-274. 

Very interesting is a description of changes to the microscopic structure of 

cellulose fibers. In a section of Ott starting at page 338 written by E. 1. Valko more than fifty 

years ago, the changes to cotton fiber were described as follows: 

Immediately before the ripe boll burst open and exposes its flocks 
of cotton to the atmosphere, the fibers are tubular, with the hollow 
center (the "lumen") occupying a considerable portion of the cross 
section. No convolutions or twists are present, and the cross 
sections approach very closely to an elliptical or even circular 
form. On exposure to the air, the fiber dries out quickly and 
collapses to form a flat, convoluted ribbon. Commercial cotton 
hair is in this form. 

When the cotton hair is brought into mercerizing solution, it begins 
to swell at once. In a few seconds it become elliptical, and, on 
fiirther swelling, the cross section becomes almost circular. The 
diameter of this section is at least 25 to 30% greater than the width 
of the collapsed fiber.^^ .... During the mercerization process, 
the cellulose of the walls swells inwardly. After the alkali 
treatment and during the washing and drying, the cross section 
shrinks. During this shrinkage, the hair retains the same circular 
form, but the shrinkage proceeds uniformly toward the axis and the 
lumen does not recover its original size By the strong 
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swelling, the arrangement which was responsible for the collapse 
of the native hair is broken up, and the cylindrical form is retained 
upon subsequent drying. 

M. A. Calvert and F, Summers, /. Textile Inst, 16 T233 (1925). 

Although many of the literature discussions of mercerization talk of it as being the 
treatment with alkali, it must be noted that physical studies of the effects of mercerization have 
all been performed on cellulose, which, after treatment with alkali, has been washed and dried. 
Washing removes the alkali. More recent discussions talk in terms of an irreversible change 
from native, amorphous cellulose I to cellulose II or crystalline cellulose. 

Sarko et al. (Exhibit 3) have studied the conversion of the crystal structure of 

native cellulose (cellulose I) to that of cellulose II through a series of crystalline intermediate 

alkali cellulose complexes. See Crystalline Alkah-Cellulose Complexes as Intermediates During 

Mercerization by Sarko et al, page 169-177 written as Chapter 9 of The Structures of Cellulose . 

Rajai H. Atalla, Editor, ACS Symposium Series Volume 340, American Chemical Society, 

Washington, DC, 1987. "Removing the NaOH [i.e., alkali] from the structure through washing 

with water removes the energy-lowering electrostatic field. This results in a conversion of the 

structure to the only energy-lowering one that is available to it - a twofold helical, interchain 

hydrogen-bonded sheet structure." Sarko at page 176. While treatment with alkali to produce an 

alkaU cellulose occurs in mercerization, it is the washing to remove the alkali which produces the 

final irreversible transformation to cellulose 11. 

"Mercerization is the name given to the conversion accomplished 
by swelling native cellulose fibres in concentrated sodium 
hydroxide solution. Although no dissolution occurs, the swelling 
allows for reorganization of the chains, and cellulose II results 
when the swelling agent is removed." Kolpak et al.. Polymer, 
19:123-131, 123 (Feb. 1978) (Exhibit 4). 
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In the derivatization process to form a cellulose ether such as carboxymethyl 
cellulose (CMC) or methyl cellulose, the first step is the formation of an alkali cellulose, a 
heterogeneous reaction performed on a slurry of the starting cellulose. This is followed by 
derivatization (sometimes referred to as alkylation or etherification) of the cellulose, at which 
point it may dissolve. Derivatization performed on an alkali cellulose produced from native 
cellulose (cellulose I) is described many times in the cited references used to reject the instant 
claims. However, that alkali cellulose does not contain cellulose 11. 

In contrast, the cellulose ethers of this invention is produced by derivatization of 
cellulose 11 , which has been produced by mercerization and recovery of the pulp prior to 
formation of an alkah cellulose in the derivatization process. Therefore, the prior art processes 
are not the same as the claimed process, and, as the data cited below from the written description 
shows, the cellulose ethers of the present invention are not the same as the prior art cellulose 
ethers. 

Omiya does not disclose or suggest preparing CMC from cellulose II (i.e., 
previously mercerized and recovered cellulose) as in the presently claimed invention. 

Tables 1-4 below show the viscosity of CMC's prepared as described in Examples 
1-5, 7, 9, and 10 of the present application from various starting cellulose pulps, including never- 
dried and re-wetted cellulose pulps which had been converted from cellulose I to cellulose II by 
mercerization and recovery. The control for each example was prepared by the same procediu-e 
as the example on the native cellulose (cellulose I) which was not mercerized and recovered 
before being alkalated and etherified, i.e., generally prepared by the procedure described in 
Wust. 
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Table 1 



CMC Derived from Cotton Linter Pulp 


Example No. in the 


Concentration 


1% Solution 


Control's 1% Solution 


Percentage 


present application 


of NaOH (%) 


Viscosity (cP) 


Viscosity (cP) 


Change in 










Viscosity 


1 (Never-dried)' 


14 


80095 


34690 


130.89% 


18 


83745 


34690 


141.41% 


7 (Never-dried) 


18 (Average) 


79410 


21493 


269.47% 


7 (Re-wetted dried) 


18 (Average) 


43453 


21493 


102.17% 


9 (Never-dried) 


18 


75190 


30145 


149.43% 


10 (Never-dried) 


18 


55335 


25685 


115.44% 


10 (Never-dried) 


18 


57190 


13920 


310.85% 



Table 2 



CMC derived from Southern Softwood Kraft Pulp 


Example No. in 
the present 
appUcation 


Concenttation of 
NaOH (%) 


1% Solution 
Viscosity (cP) 


Control's 1% Solution 
Viscosity (cP) 


Percentage 
Change in 
Viscosity 


1' 


10 


607 


586 


3.58% 


14 


1268 


586 


116.38% 


18 


1147 


586 


95.73% 


3 (Never-dried) 


7 


679 


550 


23.45% 


10 


1108 


550 


101.45% 


14 


1365 


550 


148.18% 


18 


1472 


550 


167.64% 



' The 7 and 10% NaOH treated pulp contained 0% sheet cellulose II and, therefore, was not 

mercerized. 

^ Table 2 indicates that the 7% NaOH treated pulp contained 0% sheet cellulose II and, therefore, 

was not mercerized.. 
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Table 3 



CMC derived from Southern Hardwood Kraft Pulp 


jj/Xdinpic iNO. 
in the present 
appUcation 


v^onccniiaiion ui 

NaOH (%) 


1 0/* Qnliitinn 
1 /O kjUlUllUH 

Viscosity (cP) 


Viscosity (cP) 


Change in 
Viscosity 




10 


461 


230 or 362 


100.43% or 
27.35% 


14 


547 


230 or 362 


137.83% or 
51.10% 


18 


923 


230 or 362 


301.30% or 
154.97% 


Table 4 


CMC derived from Northern Softwood Sulfite Pulp 


Example No. 
in the present 
application 


Concentration of 
NaOH (%) 


1% Solution 
Viscosity (cP) 


Control's 1% Solution 
Viscosity (cP) 


Percentage 
Change in 
Viscosity 




10 


2037 


898 or 1087 


126.84% or 

87.40% 


14 


1835 


898 or 1087 


104.34% or 
68.81% 


18 


2608 


898 or 1087 


190.42% or 
139.93% 



Tables 1-4 show that CMC's produced by the process of the present invention 
have significantly higher viscosities than CMC's produced by prior art processes. For example. 
Table 1 shows that when a cotton linter pulp starting material is mercerized and recovered prior 
to alkalating and etherifying, the viscosity of the CMC formed increases by at least 102%. Table 
4 shows that when a sulfite pulp starting material is mercerized and recovered prior to alkalating 
and etherifying, the viscosity of the CMC formed increases by at least 104%. 



Table 6 indicates that the 7% treated pulp contained only 1% sheet cellulose 11. 
^ Table 5 indicates that the 7% treated pulp contained 0% sheet cellulose II and, therefore, was not 

mercerized. 
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Since the presently claimed CMC's can have significantly higher viscosities than 
prior art CMC's such as that disclosed in Omiya, applicants respectfully submit that they are 
different than prior art CMC's, and the CMC's of this invention are not anticipated by Omiya. In 
reMarosi, 218 USPQ 289 (Fed. Cir. 1983). 

Rejection over Moore 

Claims 61 and 74 have been rejected under 35 U.S.C. § 102(b) as anticipated by 
Morse (U.S. Patent No. 4,269,859). Morse discloses cellulose floe granules and a process for 
preparing the same (see, e.g., cols. 6 and 7). 

The cellulose in Morse's cellulose floe has not previously been treated with alkali 
and recovered. Accordingly, it is cellulose I. In contrast, the cellulose floe of the present 
invention is cellulose 11. As discussed above, cellulose I and cellulose II are different. 

Furthermore, the cellulose floe produced by the presently claimed method can be 
used to produce cellulose ethers having significantly higher viscosities (as shown above) than 
those produced with the cellulose floe containing cellulose I, such as that in Moore. 

For the foregoing reasons, Moore does not anticipate claims 61 and 74 and 
applicants respectfully request withdrawal of this rejection. 

Rejection over Edelman 

Claims 85-93 have been rejected under 35 U.S.C. § 103(a) as obvious over 
Edelman (U.S. Patent No. 4,941,943). Edelman disclose a method for preparing CMC. The 
Examiner asserts that it would have been obvious to select mercerized and recovered cellulose 
pulp to produce sodium CMC as taught by Edelman, because Edehnan had disclosed "the 
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mercerization of cellulose to achieve accessibility and homogeneity before the cellulose is 
activated with NaOH to produce [CMC]" (col. 1, lines 1 1-20). 

Contrary to the Examiner's assertion, Edelman does not disclose or suggest 
mercerizing and recovering cellulose before converting it into CMC. At col. 1, lines 11-30, 
Edelman discusses the benefits of mechanically treating cellulose mixed with alkah before "the 
etherification itself: 

As a result of the pretreatment, i.e., the mercerization, 
alkali cellulose is produced, which forms NaCMC together 
with the etherification reagent. 

(col. 1, lines 17-20). 

Edelman does not disclose or suggest CMC derived firom cellulose having at least 
about 20% by weight of cellulose 11. The CMC in Edelman is derived firom cellulose which has 
not been mercerized and recovered. Therefore, the cellulose used to prepare the CMC in 
Edelman is cellulose I, not cellulose II. As discussed above, CMC derived fi-om cellulose I has 
significantly different properties than that derived fi-om cellulose II. Accordingly, Edelman does 
not render obvious claims 85-87. 

Edelman also does not disclose or suggest CMC derived fi^om cellulose having an 
Rx value of greater than 0.57. Cellulose I has an Rx value less than 0.57. Since the cellulose to 
prepare the CMC in Edelman is cellulose I, it has an Rx value less than 0.57. Accordingly, 
Edelman does not render obvious claims 88-90. 

Cellulose I also does not have a total crystallinity of less than about 60% or a 
moisture content less than 20%. Therefore, Edelman does not render obvious claims 91-93. 

In view of the above remarks, it is respectfiiUy requested that the apphcation be 

reconsidered and that all pending claims be allowed and the case passed to issue. 
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If there are any other issues remaining which the Examiner believes could be 



resolved through either a Supplemental Response or an Examiner's Amendment, the Examiner is 
respectfully requested to contact the undersigned at the telephone number indicated below. 



DARBY & DARBY 
Post Office Box 5257 
New York, NY 9350-5257 
Phone (212) 527-7700 



{M:\13 13\lh506\00028750.DOC IliiiiiUMIlO } 

-28- 



Respectfully submitted 




JayT. Ussier 
Reg. No. 41,151 
Attorney for Applicants 
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CHAPTER 14 Paper Product Properties 



RANDOM ORIENTATION: Tbtal lack of fiber 
alignment within a paper sheet, i^., a sheet without 
grain or directionality. See also ISOTROPIC 
PAPER. 

RANDOM VARIATION: Variation in machine- 
made paper properties that are neither pure 
machine-direction (MD) nor cross-direction (CD) in 
origin and cannot be measured directly. The ran- 
dom variation is estimated by subtracting the MD 
and CD components from the overall variation. 
Because the random variation also includes meas- 
urement and analysis errors, it is sometimes 
referred to as "residual variation". 

RANKING: Arrangement of a series of samples in 
order of intensity or degree with respect to some 
designated attribute. . 

RATTLE: Crackling sound produced by shaking 
or crumpling a sample of paper, indicative of sheet 
hardness or stiffness; considered a desirable attrib- 
ute for certain papers such as bonds, but objection- 
able in some other grades. 

READABILITY: Smallest incremental difference 
that can be read from a test instrument. Readabil- 
ity can sometimes be improved by the use of a mag- 
nifying lens or vernier scsde; but it is useless to have 
a readability that is better than the test sensitivity. 

READING: Numerical value indicated on the 
scale, dial ox digital display of a measuring 
instrument. 

RECESSES: Minute openings in paper which are 
connected to one surface only. See also PORES, 
VOIDS. 

REDUCIBLE SULFUR: Those forms of sulfur 
in paper or paperboard which under certain condi- 
tions can be reduced to sufide and cause tarnishing 
of polished metals. "Reducible" forms under test 
conditions include sulfide, elemental sulfur, thiosul- 
fate and polysulfide. 

REEL SAMPLE: Sample of paper taken from the 
reel just after manufacture. Typically, one full- 
width, cross-direction strip made up of several plies 
is taken from each finished reel for testing or refer- 
ence purposes. Syn. Outturn Sample. 

REFLECTANCE: Ratio of the intensity of the 
light reflected by a paper test specimen to the inten- 
sity of light reflected by a perfectly reflecting, per- 
fectly diffusing surface. 

REFLECTANCE METER: Generic term 
applied to all instruments capable of measuring the 
reflectance of light. Typically, it refers to an instru- 
ment for measuring the reflectance of pulp and 



paper sheets at two specific v^^ve lengths, sufficient 
for determining brightness and opacity values 
There are two major categories of refectance meas- 
uring instruments, namely diffuse and directional 
referring to the illuminating and viewing geome- 
tries of the instruments. Syn, Reflectometer. See 
also SPECTRGPHOrOMETER. 

REFLECTIVITY: Reflectance of material that is 
sufficiently thick that an increase in thickness does 
not alter reflectance. 

REFRACTIVITY: Ability of a material to bend 
light rays from a straight course, measured by its 
refractive index. The higher the refractivity of 
fillers or coating pigments used in a sheet of paper, 
the higher will be the scattering coefficient of the 
sheet. 

RELATIVE HUMIDITY (of paper): Relative 
humidity of air that is in immediate contact with 
paper and closed off from any other contact (usually 
measured with a sword hygrometer). The 
equilibrium of this air is a measure of the 
equilibrium of the paper. 

RELATIVE STABILITY (of paper): Effect of a 
specified heat treatment on the folding endurance 
of paper. This accelerated aging test infers informa- 
tion regarding the aging qualities of the paper. 

RELAXATION: See STRESS RELAXATION. 

REPE AIABILITY: Difference within which two 
tests are expected to agree 95% of the time when 
testing is done by one tester on the same sample 
using the same apparatus under controlled condi- 
tions. See also REPRODUCIBILITY. 

REPLICATES: Two or more measurements 
made at different times on the same sample or near- 
identical samples. 

REPLICATION: Act of repeating a measurement 
or series of steps to obtain a measurement, 

REPRESENTATIVE SAMPLE: Sample col 
lected in such a manner that it has characteristics of 
the whole material.. The designation "representa- 
tive" implies that the population has been properly 
sampled. 

REPRODUCIBILITY: Difference within which 
two tests are expected to agree 95% of the time 
when testing the same sample at different loca- 
tions. The reproducibility figure includes the 
expected variance between testers and test instru- 
ments. See also REPEATABILITY. 

RESIDUAL VARIATION: See RANDOM VAR- 
IATION. 
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IK. CELLULOSE FIBERS 
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first action of an intracrystalline swelling agent is to break those hycirogeir;||| 
bonds between the cellulose chains which exist along the ab plane of the p 
unit cell (see Fig. 5) . If 'the swelling agent has only one polar group which :|| 
forms a bond with the hydroxy! of the cellulose chain, then the plane of the :|| 
glucose unit rotates approximately 30° and forms bonds with its next |^ 
neighbor in the center of the unit cell. This shifts the plane of the glucose 
residues from the ab plane to a plane bisecting the ab and cb planes so that 
the hydroxyl groups now lie in the 101 plane. The plane containing the 
van der Waals' forces is thus shifted from the 002 to the 101 crystallo- 
graphic plane. These van der Waals' forces are little disturbed by the en- 
trance of the swelling agent and as a result the 101 interplanar distance in 
not a function of the molecular size of the swelling agent. The main valence 
chains are held together along the (101) plane by bonds formed throughsp 
the swelling agent, and as a result the 101 interplanar distance is afunctuni 
of the molecular size of the swelling agent. This mechanism of swelling 
would explain why a swelling agent which has only one hydrogen bondin^ Jp 
atom gives the hydrate unit cell structure upon removing the swellinu^ 
agent, while those containing two hydrogen bonding atoms at each end ofi^ 
the swelling molecule {e. g., diamines) hold the plane of the glucose unitjii^ 
the ab plane of the unit cell and thus assist the bonds between the glucose^ 
units to reunite in a manner characteristic of the native structure when the 
swelling agent is removed, 

(d) Mercerization 

Technically, the most important of swelling phenomena is the action 
sodium hydroxide on cellulose, known as mercerization. The name is (le||| 
rived from the fact that John Mercer in 1S44 observed that if cotton, either^^ 
in the form of yam or fabric, was treated with strong sodium hydroxide; \\^ 
sufiFered considerable shrinkage, and that its tensile strength, chemical^g 
reactivity, and dye absorption increased. Modem textile mercerization ii^ 
associated with increased luster and tensile strength obtained by treatin|| 
cotton under tension. The mercerizing effect may be obtained also by otl|ei^ 
alkali hydroxides, org:anic bases, certain salt solutions, liquid aminonia|| 
and strong acids. In the viscose rayon industry, the term mercerizatioj^ 
has a speciaUzed meaning, in that it refers only to the aging of alkaU celiiiiM 
lose, but in the textile industry mercerization usually refers to the physicii^ 
aspects of the process and the resulting product. A comprehensive 
cussion of mercerization may be found in a recent book by Marsh, Tli^ 

i» J. T. Marsh, Mercerising, Chapman & Hall, Loadon, 1941. 
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present discussion will be limited to the swelling action of sodium hydroxide 
on ceUulose fibers and to the formation of alkali cellulose. 

. When, sodium hydroxide of less than about 12% reacts with cellulose 
fibers at room temperature there is no change in the crystal lattice, and one 
is forced to conclude that the swelling below this concentration is of the 
intermicellar type. With increasing concentration or decreasmg tempera- 
ture however, the change in the lattice shows that an intramiceUar change 
has taken place, and it must be assumed that the interior of the crystallme 
ceUulose has now becbme accessible to the alkali. It is interesting to note 
that the point where intramicellar swelling begins coinades with the tern- 

• perature and concentration at which maximum water absorption occurs, 
and the point .corresponds to the break in Vieweg's absorption curve. 
. Much work has been done on the question of whether sodium hydroxide 
forms a compound with or is merely absorbed by cellulose. Mercer's origi- 
nal observation that cotton removed alkali from solution led him to be- 
lieve that a chemical combination took place, followed by decomposition 

' of the compound on treatment with water in a manner similar to the forma- 
tion of sodium ethoxide and its subsequent hydrolysis. Furthermore it is 
difficult to account for the viscose reaction without assuming an alcoholate 
formation between cellulose and sodium, hydroxide. Gladstone^^^ removed 
the uncombined alkali from cotton by washing, with alcohol, and found 

i: the.compound {CRM • NaOH. Vieveeg"' made the first quantitative 
measurements of the absorption of sodium hydroxide from solution 
and found two breaks in the curve corresponding to the compounds 
(C6H:o05)2-NaOH and {C6Hio05)2-2NaOH. Since then many workers 
• have measured the absorption of sodium hydroxide by vanous tech- 
niques. Some have found evidence for compound formation while others 
have not. Excellent reviews of these researches may be found in the li tera- 
^ure ^^'^^ In the light of our present knowledge of swelling and cellu- 

' lose structure, it is now quite certain that diiring ^mercerization both ab- 
Sorption and compound formation take place and that the complex phe- 

; nomenon is associated with the amorphous ?ind crystalline structure of the 

■: cellulose fiber as evidenced by x-ray analysis.' 

V The x-ray examination of mercerization has been of two types : (1} x-ray 

J.Ji. Gladntoue. J. Chem, Soc, 5, 17 (1852). 
1" W. Vieweg. Ber., 40, 3876 (1907), 
i« D A. Clibbens, /. TextUelnsL, 14, T217 (1923). 
»» W D Bancroft and J. B. Calkin, TextiU Research, 4, 119, 159 (1934). 
i« J. T. Marsh and F. C. Wood. An introduction to iJie Chemistry of CeUulose, 
man & HaU. London. 1938. 
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diagrams obtained when the alkali is left in the fibers, and (2) examinatiofi| 
of the fibers after removal of the alkali. When one examines cotton after;! 
removal of the alkali, three general types of x-ray diffraction patterns arcj 
obtained showing either (1) native cellulose, (2) or completely mercerized | 
cellulose, or (3) both native and mercerized cellulose. 




20 30 . 

: Concentration NaOH 

Native □ Partially Mercerized |E0 Mercerized 

9 

Fig. 26. — Graphical Represej|i^ation of the Ef- 
fect OF Treating Raw Cotton with Sodium Hydrox- 
ide AT Various Temperattobs and Concentrations 
(SissoN AND Saner"*). 

The eflfect of temperature and concentration on the type of x-ray pat-i 
terns obtained for raw cotton^"*^ after treatment with alkali is shown iiil 
Figure 26. Upon examining Figure 26, it is apparent that complete mer^-i 
cerization is obtained at room temperature (20°C.) when the concentra-^ 
tion of sodium hydroxide is above 13 to 14%. As the temperature is lo\y^ 
ered, the concentration required for complete mercerization becomes ih-f" 

1" W; A. Sisson and W. R. Saner. /. Phys, Chem., 45, 717 (1941). 



ricasingly lowei 
is not obtained 
With 3% sodiu 
iimperatures as 

. ciilute sodium h; 

. t hat ice separate 

. hydroxide whid 
Partial Merceri 
t:iin concentrat 
cniicentration rs 
(*<jmes quite ext 
tiMidsfrom appn 
A.t low tempei 
sodium hyi 
hy another area 
lion in this are 
hydrates at thes 
I he crystalline a 
Cotton fibers c 
of great commen 
ixnd fabrics shov 
uinined with x-rs 
rc'rized cellulose 
lios obtained by 

: riitio of native 
iilTected by the ti 
previous treatme 
I ir compression oi 
At room temp 
sodium hydroxidt 
higher temperati; 
'l1iuS| a mixed p 
l s% sodium hy 
treated first with 
raising the tempe 
from cold alkali i 

• lion, however, is 
first washed in col 
treated above 65 
phmging the sam; 



is 

fibers and (2) examination 
I one examines cotton after 
ray diffraction patterns are 
1) or completely mercerized 
dose. " 



A. X-RAY EXAMINATION 




3N OP THE EF- 
ODIUM HyDROX- 
:ONCENTRATIONS 



on the type of x-ray pat- 
Qt with alkali is shown in 
parent that complete mer- 
l°C.) when the concentra- 
As the temperature is low- 
mercerization bepomes in- 

17 (1941). ' 



creasmgly lov.er until, with 5% sodium hydroxide, complete emat^on 
s not obtained until the temperature has been lowered to about -18 C. 
With 3% sodium hydroxide there is no indication of mercenzatton with^ 
ISerL's as low'as -70°C. Mercerization below the freezmg pomt o 
2e2 dium hydroxide solutions (3 to 13%) probably depends on the fact 
Jhilc^separates out leaving behind more concentrated solutions of sodium 
livdroxide which are capable of mercenzation. . 
p'aS M^cerization.'preceding complete mercerization th«:e is a^er- 
tain concentration range which gives only partial --^-f^ J^^^ 
concentration range is rather narrow between -20 +30 C. but be 
comes quite extensive at higher temperatures, until at about 65 C. it ex 
tends from approximately 16 to 50% sodium hydroxide. _ 

At 10^ te^eratures (-20^ to +30«C.) and high f°«;«^*f^^^°^^^ 
50% ^dium hydroxide) the area of complete mercerization is 
by «iXr 3x1 of partial mercerization. The lack of comp ete mercen^- . 
?L^r^s area is probably due to the formation of sodium hydroxide 
: "^llZ th:i :>ncentra[ions which are incapable of penetration into 

^ ^iS^?^!^^ The variation in relative amounts Of native and mer- 
^ .Wzed Sio-may be partially responsible for the variation m pro^- 
V S^obtSned by specialized commercial mercerization treatments The 
: STStiv/t^mercerized ceUulose obtained after »en:->-t^- 
i^cted by the temperature and concentration of the ^^^^^^^^^ 
l^^s treatment (degradation) of the fiber, andby the presence of tension 

SwilSSclwaterandthenplungedintoboUi^^^ 

rlT^hove 65«C is plunged into ice water. The apparent effect of 

^'^gtelalple^^^^^^^ 
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ture of the sodium hydroxide-impregnated fiber before the sodium hydrox- 
ide within the fiber is diluted to a concentration beyond which a reaction 
typical of the new temperature cannot take place. . 

X-ray studies show that the native pattern is changed to the mercerized 
form within a few seconds upon treatment with 18%. sodium hydroxide at 
room temperatures. Above about 75^C. a partially mercerized pattern is- 
obtained which gradually changes to complete mercerization after heating, 
for days. This gradual change could be due to a slow mercerization reac- . 
tion, but it appears more probable that the intracrystalline swelling attains 
equilibrium in a short time and that the effect of prolonged action is due to 
degradation. Fibers treated in the absence of oxygen with 23% NaOH at . 
75 °C. still show partial mercerization after 15 days* treatment. 

The x-ray diagram of cotton partially mercerized at room temperature 
indicates that the native and the mercerized cellulose exist as two separate 
crystalline phases. In samples which have been partially reverted at high ; 
temperatures, however, there is less definite indication of' two distinctly 
separate crystalline phases. The two inner lines of the native x-ray pat- 
tern are not clearly resolved, which would indicate the possibility of a 
mixed crystallization. Partial mercerization appears to be connected in 
some way with fiber structure since cotton fibers cut into short sections show 
less partial mercerization while those ground to a fine powder show only 
complete mercerization. 

Effect of Degradation. When cotton fibers are oxidized or hydrolyzed 
with acids, the area of partial mercerization is gradually decreased as 
degradation proceeds"^ (see Fig. 27). Furthermore, degraded fibers are 
more highly swollen after treatment with sodium hydroxide, especially at low : 
temperatures and concentrations. X-ray and microscopic studies indicate 
that the increased swelling is largely of the intermicellar type since the 
degraded fibers still give the same alkali cellulose diagram as the original 
fibers. This increased intermicellar swelling ds^ a result of degradation leads i 
to dispersion in sodium hydroxide solution, which is greatest at a concen- ..: 
tration of approximately 10% and a temperature near the freezing point. 

Since degradation apparently changes the limited intermicellar swelling ^ 
to the unlimited type, without affecting the nature of the intramicellar 3 
swelling, one would expect sodium hydroxide solutions of degraded cotton 
to consist largely of gel particles suspended in a complete molecular dis-: 
persion of degraded cellulose. This would be in keeping with the fact that 
weak films and fibers are always obtained with cellulose regenerated from 
sodium hydroxide solution, the low-viscosity continuous phase having low- 
inherent strength. In rayons, the solubility in sodium hydroxide is ap- 
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Stretched fibers, and, if sufficient tension is applied, the application of 4o% 
NaOH for a week still gives the diagram of native cellulose if the sample is 
washed under tension. These and other experimental trials on the in- 
' creased swelling of rubbed fibers^^^ all point to the fact that any restnctive . 
action, produced either by external forces or by the cuticle, tends to pro- ^ 
hibit complete mercerization. .1. * 

AlkaU Cellulose. A great many of the investigations regarding the struc- 
ture and formation of the alkali celluloses has been carried out by Hess j 
and coworkers^s^' 142. i44. 145 ^ho examined the x-ray diagrams obtained • 
when sodium hydroxide and other alkalies are left in the cellulose fibers. . 
\t room temperatures several soda celluloses are formed, depending upon 
the concentration of the alkali solution. Between a concentration of about 
12 and 19% NaOH, the so-caUed soda cellulose I is formed which gives a defi- 
nite x-ray pattern. When this is dried a further diagram is obtained of a- 
product designated as soda cellulose III, which reverts to ^Pda cellul^^^^^^^^ 
when treated with water. Above a concentration of about 21% another , 
diagram corresponding to a product called soda cellulose 11 is obtained.: 
This does not change upon dehydration, but when sufficient water is added ; 
soda cellulose I is formed. The transition from one diagram to another 
does not occur sharply and mixed diagrams are obtained over a range. = 
More recently"^ the effect of temperature and concentration has been, 
worked out and there are indications of at least five soda celluloses. It 
has been emphasized^« that water is necessary for the formation of soda . 
cellulose I. and for the rearrangement of soda cellulose II to soda cellulose I. 
It has also been observed^« that soda celhdose I, when washed with . 
water at lOOX. and dried, gives the diagram of both native and mercenze4, 
cellulose. From the data which have been published"* on the increased 
volume of the unit cell of soda celluloses I and II, it appears likely that water, 
as well as sodium hydroxide, enters the unit cell to form the swelling com- 
pounds. Additional information on alkali ;cellulose is given m Chapter 

^ Most of the phenomena associated with the formation of other swelling 
compounds appear to hold for the formation of alkali ceUidose For ex-^ 
^pL, the hydroxyl groups of the glucose units rotate into t^^ (101) plane 
and the crystal lattice expands perpendicular to the (101) plane so that the 
cellulose chains act as laniellae in their expansion to allow room for the 
entrance of the sodium hydroxide and water. The intramicellar swelling 

i« M A Calvert, 7. Textile Inst., 21, T293 .(1930). 

H4 c. Trogus and K. Hess, Z. Elektrochem., 42, 704 (1936). 

i« K. Hess and J. Gundennann. Ber., 70B, 527 (1937). 
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#i.ssociated with the formation of alkaH- cellulose is strictly 
iil y^and only when treated with a further reagent such as carbon disulfide 
^5tt^(lf»es the swelling become unlimited. 

P hanism of Mercerization. As pointed out in the earher dtscuss|m 
teoulber structure, x-ray and microscopic data both indicate the presence 
P a^\tructu;e ir. a native ceUulose fiber. The fiberjs buJt of 
iicrvstaUine fibrils which are separated by amorphous interfibrd matenaK 
P r^Hogical, therefore, to assume that the over-aU action of the sodmm 
fc I^SSmus; be considered upon the basis of its specific action upon 
fe^llle separate components of the fiber. . . 

^ and mic^scopic observations made throughout the mercenzafaoa 
PprLs^ndicate that the crystalline phase ^d th. amorphous pha^^ 
PI ire affected by the sodium hydroxide in a different manner.^^ X-ray du 
fc;:^show tL when cotton fibers axe swoUen with sodmm hydroxjde^ 
P Original native crystalline celklose pattern disappears and that a n.^^- 
# ILpattern ^da ceUulose) is obtained which is charactens^ 
fcing compound. At the same time, the original weak ^^f^^'^^ 
P is displa^d by a new amorphous pattern, which is now so «f 
^b^o^er up Uiecrystallme pattern. If the fibers are wadied with wat^ 
*^d^,L pronounced a^iorphouspatteni decreases and the c^ , 
ic^e^S the Llling compound is displaced by the patten o merc^ 
PSSe 'Microscopk observations in both ordinary and polarized hght 
h Sow^ insodhJhydroxide the inaease in fiber diameter is largdy due 
Pf^ofthehyd^hilicmterfibrilmateri^^ 7^^^^^ 
te fibrils apit and partially disarranges their ongmal or^'^^"^^"^^ '^^ 
fti^ suit that the fiber increases in diameter and decreases m length, since the 
^S^l^tonly sUghtiyswoUenbut^ot disrupted by the treatmentwith 

^""^Z^:^ a ceUulose fiber as a twolphase system (crystalUne and 
i inter^stlne material), then it is possible to think of "^^xcmzation « a 
^■ wSdd reaction: (a) soda ceUulose or swelling cornpound formataon 
rtJIicX sweuU) by the crystalline phase, and (b) alkali absorption 
p (intermiceUar sweUing) by the intercrystaUine <^.^°^^^'^ 
P: This suggested dual mechanism of mercenzation woidd ^J^" 
P of a true Siilibrium in the system ceUulose-sodmm hydroxide^" and serve 
pS;^;^se in the lon^ated question ai to -Jf-^^^ 
%iake up Limn hydroxide by sorption or by cotapound ^ 
ft form of the cotton-alkali absorption curve w^uld be m agreement with the 
t W ar^^oscopic data. ^Wch indicate that most of the fiber sweUmg 
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and sorption of solution is due to the pronounced swelling of the intercrysr 
talline material. Likewise, the chemical evidence regarding compound 
formation is in agreement with the x-ray data, which indicate the forma- 
tion of a definite swelling compound between sodium hydroxide and the 
crystalline cellulose at the concentration corresponding to the break in the 
absorption curve. The chemical reaction corresponding to alcoholate 
formation thus occurs in both the amorphous and crystalline areas, but with 
greater ease in the amorphous areas where swelling beyond soda cellulose 
formation occurs. On the basis of swelling experiments, Neale"^ has made 
a somewhat similar suggestion that the behavior of cellulose in sodium 
hydroxide solution can be explained on the assumption that alkali is taken 
up (1) according to the law of mass action to form a sodium salt, and 
(2) without chemical reaction in amount necessary to satisfy the Donnan 
equation of membrane equilibrium. 

(e) Hydration 

The general term hydration, as used in the literature, may refer to any of 
a large number of phenomena concerned with the taking up of water, the 
specific reference depending upon the particular phase of cellulose chem- 
istry under discussion. The present discussion on hydration will be limited 
to x-ray data regarding the formation and properties of hydrate cellulose. 

Swelling compounds, as a general rule, are easily decomposed by water. 
Upon remoyal of the swelling agent the fiber shrinks in diameter, and, after 
drying, the x-ray diagram shows the presence of a crystalline structure 
which differs from that of the original fiber. .This, regenerated structure is 
known as the hydrate or mercerized form, and as discussed earlier (see 
Fig. 5) it differs crystallographically "from the native form in that the glu- 
cose residues are rotated approximately '30® around the main valence 
chain axes to form new interchain bonds akd new interplanar distances. 
Hydrate cellulose has the same organic chemical structtue as native cellu- 
lose but it is more reactive. This increased reactivity may be explained, 
partly by the geometrical arrangement of the glucose units which are farther 
apart and are oriented in the crystal lattice so as to make the hydroxyl 
groups more available, and partly by the greater proportion of amorphous 
areas created by the swelling or solution process which must precede the 
formation of a hydrate structure. 

Earlier workers considered sodium hydroxide to form a chemical com- 
pound with cellulose which was decomposed by the action of water in the 

S. M. Neale. /. Textile Inst., 20, f 373 (1929) . 
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Me«:erization is tk name used in the textile mdustry for the treatment 
of^tton yam or fabric with concentrated aqueous caustic solution The. 
pr<Si dies from 1844, when John Mercer;^ upon filtermg conceatratoi 
SSS soda through a cotton doth, observed that the -tto^^^ed^^ 
siderably and showed somewhat modified properties even, after. ^e ^ushc . 
had^el removed by washing. The fabric shrank, f teosd^^tren^. X. 
creased, and it acquired a higher power to ^^^^f^^ 
■ polSh sulfuric acid of certain concentrations and aqueous ^^^^^ ^ ^ 
were found to have the same effects on the doth as had sodium, hydroxide^ 
Td M^t took out a patent covering the use of aU of ^^^^^^^ 
mX the physical properties of cellulose.^ Mercerization d|^op.e4 ^o^ . 
Si^Jortant Lustrial foHowing the obseryaUon omorace^^^^^^^ 

nearly half a century later, that upon treating cotton cloth with cau^c 
sSI S tensi,Ski order to prevent shrinkage.:, the cottorj acqiured ^ .. 

'^IJ^U^s^/use of the mer^^^^ 

erShg SnLfer of cotton, The compaxativdy low cost^ W 
promoted its wide use. and mercerization has re temed its place m ^e t^tde . 
Ldustry even after the g/owth.of rayon manufacture. P^l^Pi^^^'=^''^'j; 
SSSL with the produSionof the.silky luster ar^^^^ 

whidi has^dap.^ sinc^^iercer-s'dis^^ ; 
huS^-^lSvestigktions' have be^ carried out on mercenzm^ 
m^S^SS^lSuy etched the knowledge of ^fi^^ 
iSSSipced indus4l.practice oni^ Tbe^^J)^^; 

Longmans, fereen-& Co., 



IE. a: Paraell. The Life arid Labours of ; John Me^^^^ 

London; 1886. ■ ^ ' ^ 

« J Mercer, Brit. Patent 13,296 (Oct. 24, 1850). 

^H. A. Lowe. Brit. Patent 4452 (Dec: 22, 1890).: : .\ 
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reviewed by Clibbens,* Valko/ and Marsh,^ and a bibliography has been 
compiled by Edelstein and CadyJ 

1. Effects of Mercerization . 

Otff Imowledge of mercerizati^ from the results of investiga- 

tions concaiied with: (a) the mechalniism of the chemical .interaction of 
cellulose and alkalies; (h) tbi physical chianges of the fibers during the 
treatmierit with the. caustic and" during the subsequent .washing; and 
(c) the permanent ch^ges in the properties, of the fibers produced by the 
mercerizing process; A study of all three is necessary for an tmderstand ing 
of the process, but, since the first t\yp of these will be. presented kt length 
in Chapter yiii; D bri "Alkali and Other Metal Derivatives of Geilulose,V 
only a brief summary of them will be" given he:re. 

(a) Mechdnisni of Chemicfd ; . 

Cidiltilose combiines' with sodium hydroxide to form iseveral modifications 
of alkali cellulose. The cbmpounds can be quite definite, but the amount of 
alkah bound by a sample of cellulose,' and the amount of water bound by 
the compotmds, varies with the alkali concentration, the temperature j and 
other factors.': '"^ ".-^ ^ •' 

The reactioii of cellulose with caustic produces heat, which has been ; 
successfully.caiculated by'cbhsid'ering it to be the sum of three. components : 
positive heat of dissociation of a weak add; negative heat of heutiraiization, ; 
i: e., heat of formation of water;, and negative heat of dilution of the alkali. 

The cellulose-alkaii compounds hydrolyze on washing with water, and .• 
the caustic can lie easily and completely removcid. • . 

(b) Physical Changes df Fibers during. treatmeni\toiih CausUc and during 

Subsequent Washing. ' . 

• The two imjportant bhanges m the fiber during the alkali treatment are 
an increase in its diameter : ('Welling'') and a. decrease in its length . 
(''shrinking"). . Both swelling and shrinking pass through maxima when . 
pilotted agamst alkali concentration; When sodium hydroxide is the 
alkali, these maxima tend to faU at the same concentration, but they do. 

* D. A. Oibbeiis, J. Textile. hist., 14, T217 (1923). 

»E. Vaiko, KoUqidchemische Grundlagen der Textilvercdlung. J. Springer, Berlin, 
1937.'. 

^ J, TiH/LaesK Mercerizing, Chapman & Hall. London, 1941. 
. . » S. M. Edelstdn and W. H. Cady, Am. Dyestuff Eeptr., 26, P447 (1937). _ 
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not coiiicide when other alkaUes are used. The amount of swelhng a± a 
given alkaU concentration depends greatly on the external surface of the 
sample. For instance, "scoured" cotton (cotton which has been^bot^ed ux. 
dilute alkaU) sweUs more than does raw or '.'gray" cotton, while rubbed 
libers (those from which the outer layer has been removed with fine emeiy 
paper) swell e^^n more« (Fig. 52). Regenerated ceUulose sweUs tiie most 
The swelling can be explained by three different but somewhat related 
theories. The first is that the fiber surface acts as a semipermeable mem- 
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Fig. 52.— Increase of the WrotH op Cotton .; ^ ^ : : 
FiBER^mNaOH SoLimoNS (CiO^vERt"). • ^- :y 

Lbwercurye: ^awhairs:." ■■'■^ ■■..■.■■/:';■:■■]:] ■ k/^: 

Middle curve : scoured hairs.-. ■ ■.\ : ;•• 
v.; \'\ . . . Upper curyer; rubbed'teirs;./ /..U.-- .K^. • 

brane -inside'-which os^^^ 

Domian equiUbrium or by the solution of ceUulose chains m tte.al^ us^-, 
The second theory is that hydratioi of the alkali Cellulose c^us^ 

is tha^the SW^Mg caused by the .electrostatK 
tween the cellulose particles, wHch are diarg^ as a result of lomzjUo^^^ 
The amount of shrkkage a fiber; undergoes:on mercer^^^^^^ ^vfS- 
m^ed to some extent by the Wtfemal.surface...^^^ T^^ 
vent^ by appHcation of tension to the fiber: Because ,tixe.shrmkage«^^^^^ 
mains afi Se alkali is washed out, in. contrast 
discussed below in the group of the perm^nen^:changes. : , . /. , 

»M. A. Calvert, j. ra(itel««.. 2f, ■ .. .• ' ' ' • 




CELLULOSE FIBERS ■: : 

P^rwwwew^ Changes Produced by /Mercerization in . . 

The changes which iJiie iriercerizmg process causes in cellulbsic materials 
fall in to four c^.tegbries. ' These comprise : the changes in the cellulose mole- 
cules theinselves|.t^^ produced in the intermoledilar structure of cellu^ 
lose crystailites; those produced in the distribution of crystallites arid 
amoiphbus material in the cellulosic material; and, finally, those produced 
in the iriicroscopic stnicture of the fibers . 
i Changes Produced in the Cellulose Molecules. There is no reason to 
assume any strttcturql: difference between the single polymeric molecules of 
native and of mercerized cellulose* The interpretations of the x-ray. 

• ■• ^- -TABtB i ; . 

Effect op. Mercerizing on- the Chemical Properties of ScotiRED Cotton (Ridge, 
.V. ' ParsonSi and Corner') 
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Egyptian Sakel . 


3.68 
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0.01 


0.01 


= 1 


.17 


0.98 


1.32 


1.23 


Egyptian Uppers 


3.38 


3.34 


: 0.01 . 


0.01 
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.10 
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*3.47 . 


;:3.42 
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o.oi . 
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. 1.37 ' 


i; SO- 


Peru Mitafifi. 


3,52 


Z.21 


0.01 


b.oi 


: 1 


.03 


0.88 


0.88 


LO 



diagrams of the crystalline part of both modifications were carried out 
/ tinder the assumption that . "Oie molecular structure i^ithe same in both. 
The only other: possible molecular change is depol)ntnenzation. However, 
as was demonstrated, for instance, by Ridge, Parsons, and Corner,® all the 
properties of cotton wMc± depend on the extent of the degradation remain 
essentially tmchanged by the . mercerizing process . Table 1 shows the . 
results obtained on scoured cotton yam . which wsLs mercerized with a 
9 iV" iNaOH solutibh; The measurements were carried out under strictly 
• idehticd'cbndrtipns:", y 
: Staudinger/? througk the use. of his .viscosity method, found that a^ 
cotton cellulose was changed on mercerization from a degree of polymeri- 
zation (D.P.) of 3000 to a D.P. of 2000, This change is.inappreciable, since 



■I 




• • B. P. Ridge, H. L. Parsons, and M. Corner. J, Textile Inst., 22, T117 {1931).. 
" H. Staudinger and A. W, Sohn. J. prakt, Chem,, IS5, 177 (1940). " • 
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. . .r»P of 500 would Still have left the mechanical 

ChSiges Produced in the. Crystallite^; . ^^^^^ ^ crystalline form 

and ol the laercerized fiber g^^. J^^^^n pro^^ by Meyer and Baden- 
produced by mercerkat on and it h^be^^P^^^ ^^^^ 

structures of native and of "g^^^^^^'^^e at room temperature cannot . 

... nxe question as to whick form j^^^ion of mercerized into native 

be answered as yet. but the direct tr^^ native is the more 

cellulose indicates t^t at ^^^f^^^r^eoretical treatises on mer- , 
stable form. There has been- a ^^^^ the tran^cimation of the. . 
cerization. to attribute a .gr^t^^^^^ . .^ 

... crystal forms, but it seems more '^^''^^ J^ mercerizing process. ■ . 

duced by the inercerizmg . process, w^^ ti^ n^^^^^^^^^^^^^^^ ^ 
XK^bb iniIH>rtant one. tt^ 

t ^icellar changes, ^^^^^^f^^on of the crystallites^, , 

crystalline material, and thechangemon^^^^^^^ . 
.; : -^CSr^^ative quantitative "^"^te^lS^o HoWever.; 
^ V diagrams of native and "^^^^f^^^^^^^ ^egener^ed/; cellu- : 

„,eSurement pf the t-r^Y "^Sj^J^^f Mercerized ceMpse 
n losej^isl^omitosh^thep^^*^ 

' exaggerated degree.^ show«i a 4«^ea^ «^^^^^ of the 

: ! rinS^ giving a c^ar^a^^ 

crystaUites or an mcrease m.the numoei .,. .. .^^ 

; the 1^^^^ structure.. v - . J^^ ^^ taottint^ and the rings were 
. It was observed that the 8«itterp^w^^^^^ 

fi ^or^diffuseior rayon t^^ ma- 
: ■ ] indicates l^at by the.mercerizmg proc^. ^aterkl. Further- 

terial:is.increased:.at the ^^^"^^^^^inercerizatioi is .^d 

U out mihout tensicm. the orientation ^ .^yx , 

■ Cft«». A187. 297 (1940). . 

i» T. Kabio. KoUoii-Z., 93, 3S8{1^).^: ^ ^ ■ .; \ .. . ..... 
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^ m»crf.ing is ca^W^ou. Ui.de. tension, thedep-ee of. 
orientation is retained m CTea maeased. ^^ 
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and toluene as media.. Results obtained are included in Table 8 (p. 407) of 

. Section G of this chapter. The values obtained in lielium were regarded as 
truly representing the specific volume, and, from the differences in the 
apparent values in helium and in water, the decrease in specific volume 
caused by the adsorption of . water (the '^contraction volume") was cal- 
culated; The average decrease was 0.018 cc. for 1 g. for scoured cotton and 

. 0.023 cc. for 1 g. for mercerized cotton. This is in accord with the fact that 
mercerized cotton absorbs more water than does native cotton . 

Mtfcer recognized that cotton becomes more hygroscopic after treat- 
nient with caustic, but exact measurements under strictly comparable 
.conditions were carried out for the first time by Urquhart and WiUiams." 
In Figure 53 are presentied the percentages of water sorbed at various 

. relative humidities by native (kier-boiled) cotton and by tiie same cotton 
after mercerization without tension. The ratio pf the water, .contents^ of: 
mercerized and native cotton is neariy constant for all relative humidities. 
In this particular case, the mercerized cotton takes up about 1.5 times as 
much water as does native cotton: The ratio depends on li^- cpn^entrati 
of the mercerizing solution and upon the tension applied diirihg the treat- 

•^mdiit (Fig. 54). • : VVV ■ ' : ' 
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■ Fig 54 — Ratio op the Amount of Water Absorbed by Cotton Which Was 
Treated with NaOH Soltttions of Various Concentrations, (a) wtthout Tension . 
AND (6) under Tension, to.thb Amount of Water Absorbeb; by Untrbatod Cottoi^ 

(URQTOART ANb: Wn-LIAMS^^^^ 

-■*---:; Adsorption. 

.'• • : ' • ^' ..yl i pesorption..^-^' 

• Another method of measuring watejr adsorption was. used;.b^^^ 
petier^^ and Tankardi^ who measured the iijcrease in concentratipn of an 
aqueous thiosulf ate solution caused by the Removal of water by n^ercerized 
and by native cotton which were soaked in it,; They found the increase to. 

: be about twice as great for the former as^i^^^ : . ^ • 

; . -Alkaline substaiices/such as sodii^ 

" G. Champetier, Compi, rend:, 195. 280 (1932). 
V " Tankard, /, iWitieiiM*:, 28^ T263 (1937): : \ V; ' 
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copper (from cuprammdnium hydroxide), are also adsorbed from aqueous 
solution more strongly by inercerized cotton than by native. As the cori- 
c^tration of these bases increases, the difference in adsorption disappears 
gradually as the fiber is transformed from the native into the mercerized 
state. The ratio of the amounts of Na+ ion adsorbed from 0.5 iV NaOH 
solution by inercerized and by native celliilosei and the similar ratios of. 
: Ba++ ion adsorption from 0.2 JV:Ba(OH)2 were used by Neale^^ for meastar- .. 
ing the kfects produced by mercerizing cotton under various conditions 

■ '": '] ' ;• Table 2;;V ; --JV j J^^.I/ ^:" ■ 

Ratios op the Alkali Adsoiuption of CprroN-YARN Merceriz^^^ with 25% NaOH; 
■ \ c; - " to.That.op Native Cotton- (Neale^^) 



Scoured and 
mercerized 



then 



Mercerized in the 
; "gray" staU and 
then scoured • ! 





Dried at room 
temperature 


Dried at 110*C.. 
for 6 hrs. 


Na + 
ion . 
ratio 


. ion . 
ratio . 


. Na ;^ 
ioo 
ratio 


, Ba*t . 
ton 
ratio 


Loose .(about 15% shrinkage) 


2.55: 


2.70 


2.27 


2.50 


Loose and restretched 


2.07 


. 2; 10 


1.93 


1.98 


No shrinkage allowed . 


.1.96 


2.05 : ' 


1.89 


: 1.99 . 


Cloth mercerized loose .. . . 


2; 13 








Loose (about 16% shri.nkage) 


.2:09 


.2)20. 


1.84 


i.97 


Loose and reistretched , 


.:i.76 


1:79 


1.76 


1.83 


No shrinkage allowed- i'/- 


1.68 


1.73 


1.69 


1.75 



Amount of. BBWisbpURPURiN 4. B ADsbkBio by Native » Cotton and by Cotton 
TkEATiBD WITH NaOH Solutions of Differbnt Strengths (Knecht") . 



Concentration of NaOH« 


Dye adsorbed by cotton, 
. g. per . 100 g. ' 


Concentration of NaOH, 

, %. 


Dye adsorbed by cotton, 
g. per 100 g. ; 


^ ^ o:ooi; • 


. ■.•..•.•••.1:77, 


.20.5 


3.27 : 


."> 4.5: :-^^.V--- 


1:88 . 


22. 5-. 


3.38 


.•'•8:5 ■■.:■••/■ 


.■■2.--39;.-. V 


• 25-.0 •• 


3.50 :. 




■ -2:57 . 


27.0-. 


• 3.56 : • 


■■i3.:6- 


2.95,. :. 


:. 29,0 


. 3.60.: . 


16.5 


3.02 . 


31.5 . 


. 3.60 0 


17.6 


. 3.15 







» S. M. Neaic. /. texiiU InsL, 22', t320, t34? (1931). 
» E. Knecht. /. Soc, Dyers CoUmrisis, 24, 68. 107 (1908). 
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Ba+t 
ion 
ratio 


Na + . 
ion 
ratio 


■■■ ion 
ratio 
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2.70 


.2.27 


2:50 




2.10. 


1.93 


1.98 
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2 .05 . 


1.89 


1.99 




2.20 
1.79 


1.84 


1.97 




1.76, 


1.83 




1.73 


1.69 
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Cotton and by Cotton 

lENGTHS (KNECHT") ' 



NaOH, 


Dye adsorbed by cotton. 
Z. per 100 g.. 




3.27 




3.38 




... 3.50 . • 
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Another effect of the mercerization process oh the fiber is that the ^ad- 
sorptive power for dyes is increased. Knecht" investigated systematically 
the influence of the concentration of the mercerizing solution (Table 3), ot 
the tension appUed during the treatment (Table 4), and of the (hying 
operation (Table 5), on dye adsorption, The-^ect of .drying noticed hare 
. is in agreement with the observation of Urquhart, Bostock, and Eckers^ 
that the fibers exhibit a much higher sorption of water inmediately after 
mercerizing and washing than after tiie subsequent drying. It can be as- 

■•Table 4 ■ , ^' • ' . 

AMOUNT OF BeNZOPURPuW 4 B ADSORBED BY NAtiVB- AND BY MBSCBRIZBD CoTTON 

(Kkecht")-.. 





• Dye adsorbed by cotton, 
8. per. 100 ff. 


;.' Cotton. ■ 


■ Bleached 


. . Unbleached . 


. . Native . 

. Mercerized under tension 
Mercerized without tension 


. . 1.50 . . 
3.64 


•1.55..'-.-: ■ 
2.90: . 
3.39 ■ 



TABLk . 5 ; 





Dye adsorbed by cotton, . 
g. per 100, ff. ■ r 


■■•Cotton ■ • 


Senzopurpttria 4 B 


[. Chxysbplienin . 


Mercerized and dyed without drying , . • 
Mercerized and air-dried before dyeiiig 
Mercerized and dried at 110**C. before dyeing 
Native .,/ - •• •'; \'\. '■■ 


■ ' •. ■2-.49.;-. 
'./: .1.57"V-* 
•■■■■•,•■■■-1:27 ■ 
. V ; .■^^■■0.80.^"''-^'- 


0:97 '---^ ■ 
0.77 . -:■ ■ 
•0.54 : 

o.zi 



■sunied that the factor respc^ for ;this phenomenon is a delayed. ■ 
recrystallization of part of the amorphous cellulose. ; : : , ^ . - 

Bbulton and Morton" found « the spe^ bf ^^^^^r^ 
ibeasured% the time which is'necess^ 

sorbtioir equilibrimi^ is greatl^ increas^^by .mer«^g. . Foi^examjJ^ 
.SS sampi of raw cotton gave' half ^tim^ ^lues 1:1 ;and 1,4 mmu^j ^ 
• Witii WBhie FF. a substaiitive dye,: under the^particular condition^ of : 
: :.tlieir e±i)eriinaits. After the cottons were mercerized under tension. Oie : 

rallies were 0.25 and 6.35. mm : . :. v. . ■ 

\ ^-S:r^quhart;w:Bokock: and^^^ ^ 
H j; Boulton and T. H. Morton//. &«..Pjr«>s C»to«mto. 56, 145 (1940). 
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One view cohcemmg dye adsoirtion which cannot be explained by the ; 
increase in: amorptpus material is that less dye is required by mereerized 
cotton to produce a given shade than is requured by raw cotton. .. This 
opinion is held by inany workers in spite of the fact that Habiier" dis* : 
missed the possibility some thirty years a:go and that no quantitative tests 
have since been reported. It is not unlikely that such an effect is produced. 
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. FiaV-65;— R^JAC^ Ratio op Cotton , * ' " 
. WITH NaOH Solutions OF VARiouis* . 

, CONCBI^^ -10?*C. TO 

That OF Nativb CcirroN (BiRTWBLL, CLIBBEN9, 

GBAKE, AND RiDGB"). ^ ; ' 

by the merc^ization process, but the explanation for it would seem to lie 
in the increased luster of .the fiber, which would cause a lugher briUiance pf : 
-■thecdor.. V: .r.'* v;;... • :;■ 
" The increased reactivity' of mercerized cellulose, caused by the increase 
in amount of amorphous material, is shown by the fact that the rates of 
'attack of iiydf olyzing aid oxidizing agents on it are.gr^ter than they are on 
native cellulose. Schwalbe^* suggested the use of the copper number, 
obtained from various celluloses after treatment of 15 ininutes with 
. 5% HjSOi^ointion, is a means of characterizing the reactivity of a fiber, and- 

" J. Hiibner. 7. Soc. Chem. Jnrf., 27, 105 (1908). 

" C. G. Schwalbe. Z: angeui. Chem., 22, 197 (1909). . • 

« C, Birtwell, D. A, Clibbens, A. Geake, and B. P. Ridge, /. Texttle InsL, 21, T85 

(1930). 
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he found that this value is greatly increased by the mercerization process. 
Birtwell. Clibbens, Geake. and Ridge« used the same procedure, mth the 
substitution of an alkaline hypobromite treatment for tte sulfuric aad 
hydrolysis, and they obtained results illustrating the effect of the mer- 
cerizing temperature, and of the concentration of the mercerizing solution 

(FiM. 55 and 56). . V " ■ ■,' ^ ^ 

From a thermodynamic point of view both the change m crystal structure 
and the increase in amorphous material during the mercerization should 
result in a difference in energy content between native and mercerized 
ceUulose. Several attempts have been made to determine this energy 



.1.6 



i 
o 

flO 

81-3 

€0 

< • 

U. 

O 
O 



:i.o 







l-io 






















c - C 



^ -piG. 56.-RATIO OP THE AMOtnTC OF WAtER AbSOR^D ^X ^i^'lJ^'fJ^^^ ^ 

Trbatbd with NaOH Solutions of Vi«iotJS Concbnteatiots at ^^.^^ 
-10°C. TO That, of thb Untrbatbd Cotton (Birtwbu, Cubbbns, Gbakb, and 
Ridge"). ' ' 

difference. M^iirement of the heats of combiistibn revealed no differ-, 
ence. More successful, however. . were the studies of Okamura«^and of ' 
Morrisbh. Gamf»beU; and Maa^" based on the determuiation of the heat 
of reaction of cellulose.with sodium hydroxide: At the mercerizing con, 
centrations of alkaU. obviously, both modifications of cellidose . yield the 
same product andthe difference in tiie heat of reaction th^efore ^yes tie 
difference^ in the .energy coiitent. Okamura^used ramie fibers (Fig. 57), 
With z6ro concentration of sodium hydroxide . with pure /jrat^. ttie 
mercerized form yielded the higher energy of wetting, i consequence of tiie 
larger "internal surface." There was very Uttle rise in heat evolution for . 
native rainie up to an alkali concentration of 5%, bi^t above tha^ concen- 

M i; Okamura, Naiurwissmschaften, 2i,i® (1933).. . . _ . : 
; « J. L. Morrison, W. B. Campbdl, and 0. Maass. Can.^J, Research, 18B. 168 (1940). 
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tration it was quite large. The heat of wetting of mercerized ceUulose on 
the othd: hand, rose rapi(Uy with inaease in alkaU concente^tiMi u^^^^ 
and then remained fairly constant up to 18%.. Above 20% .tiie difference 
between the heats of . wettmg of the native and the mercerized ramies was 
constat at a value even smaller than the difference between the h^ats .of 
wetting in pure water. This constant difference of 1.5 cal. for each g. is, 
therefore. ,eqiial to the. difference in energy content of the native and 

. - ^ ^ - '^c j.t-^ -il-^ :^^A ^i^ofc tiflviticr f he hicrher eaerfifV con- 

mercenzed nbers, 

tent. 




'0 . 4. 8 12 16 20 24 28 32 . 36 40 ,44. 4? . .■ 
■■■ •' '■ ■ ■ - v g.NaOH- IN. lOO.cc. ' 

; Fib. 57.— Heat OF Reaction of (a) ilATivE and (b) Mbr- 
. CERIZBD RAMB WITH NaOH (Okamtib^ 

Monnsonv cinpbelir wd Maass« obtained analogous results with 
bleached cotton, exc^t that the energy differences were tiiree times 
large (Fig. 58). Howev«,the absolute values of the heat evolved were also 
three times those for ramie, so tixat tixe ratios Of ^ergy 
tixe absolute Valu^ were practically unchanged,. For bleacheA cotto^>^e 
eri^gycoht^tor^theme^ 

of the native fibers. \^ - . • li' ■ 

Effects:<rf the Clumgein Orientaiion of the Cry^toZ/ife^.;^ If m^ceiization^ 
.iied out' without tension, tiie cotton fibers shrink. Under identical c^ .. 
ditions tiie extent of shrinkage depends on tiie tension applied. Jhe^ray ■ 
diagram proves t^-^" ri..ation witiiout tension the onentation of the 
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c^ulose crystallites decreases. With careful application of tension, the 
degree of orientation of native cellulose can be retained or even increased. 
Obviously,. the shrinkage of the fiber is caused by the disorientation of the 
cdlulose crystaUites which in the native fiber arej)referably aligned with 
their major axis neairly parallel to the fiber axis (flax, ramie) or at a steep 
angle to the latter (cottpnV • 
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Fig. 68.— Heat of Reactiok of (aj Nattvb and " - 
(b)' Mercerized Cotton with NaOH (Morrison,, 
. Campbell, AND Maass").. . ■ 

• The extent of shrinkage under identical conditions of tension varies with 
other factors similar to those affecting swelling: type of fiber; fiber surface 
characteristics, and alkah concentration..^ . ■ ' ; • ^ 

. The effect of the first factor mentioned was^ s by; the work of 

^ Nodder and Kinkead," which showed that ^^mie and flax fibers contract to 
an even greater extent than cotton on mercerization.: ;^ smaller shrink- 
age'of cotton is partly explained by the fact that tiie fibers, which are highly 
tvsristed in the native state, imtwist in the alkaline solution. The removal 
of convolutions has. itself a lengthening ^ect on the fibers, and the ob- 

- served change in len^ is the resultant of this effect and of the contraction, 
tip to a sodium hydroxide coiicentration of about 8%, the effect of the 

, ^ C: R. Nodder and R. W. Kinkead, 7. fi^Aile InsL. 14, TISS (l&23j. 
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untwisting overbalances the contraction, and a lengthening of the fiber is 
observed. ' ^ ■' ■ :.*s-.v- •. ■■:r.^-'- •■' 

• Native, scoured, and rubbed fibers all show differences in the amount of ; 
shrinkage which they undergo on mercerization. Rubbed fibers show 
shrinkage even greater than that shown by scoured cotton (Fig. 59),. 

The effect of alkali concentration on shrinkage is similar to its effect on ; 
swelling when sodium hydroxide is used, but if bther alkali hydro^ddes are 
included in the investigation, no general correlation between the shrinkage, 
and the swelling can be established. Collins^* carried out such experiments . 




15 20 
. . .. . NaOH. % . ■ ■ : 

Fig. 69:~L0NGnTroiNAL Shrinxagjb of- Cotton 
. Fibers in NaOH SoLtrtiONS (Calvert*). . 

Lower cuiver raw hairs. • 

. Middle curve : scoured hairs. 

• Upjper curve':; nibbed hairs. . 



with five different klkaUhjrdiox^^^ His results are piresehted in Figure 60. 
The cuives 'connect points found with increasing concentration of the 
hydroxides, the highest values ^ which ar^ 48% NaOH, 52% KOH, ; 
11% LiOHr 65% RbOH, and 80% CsOH. Jn these experiments the same 
fiber was exposed to alkali hydroxide solutions of increasing cbncentratidn 
and no rhaximuni was observed in the shrinkage. Striking differences 
between the effects of the alkalies are observed when the dhanges in length, 
which correspond to an increase of. for bcainiple, 25% in the diameter of the 
fiber, are coinpared. ' . 

«» G. E. Collins; /. Textile InsL, X6, T123 (1925): / . 
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The effect of the surface layer of the fiber on the shrinkage is somewhat 
sunilar to that of the tension. This is demonstrated by^the fact that, for 
instance, the shrinkage diagram of scoured cotton can be modified to be 
similar to that of raw cotton by applying tension durmg the alkali treat- 
ment (Fig. 61) . If the tensioti is appUed before the treatment vnth caustic, 
much less tension is required to obtain the same lowering of shrmkage 
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20 30. . 40 • ■ 
CHANQE'OF diameter; ^ 



FlG.60.— RBLATIOHSHIPBErWBBNraB CHAKIBBbF 

Length and the Changb. of Pi4mbtbe;OF the . ■, 
Fibers in Alkam .Htoroxidb SaLxrnoN^ 
(Coixras*'). . - '-^ ' 

mz 62). Obviously, a' state of eq^rium'i^ not:a>mpletd^ 
itiuronents of the absolute magnitude of the tension wtdch is nec^saxy 
to prevent shrinkage of fibers were, carried olxt by m^^S^^^'^ 
38-30, and 2.2 kg./mm.Vprevented shrinkage when ?:OH, NaO^ aiid 
LiOH of 40%, 25%. and 10% concentration, respectiv^y, were used. , 
The chanSs ii^orientatiqn are reflected in the changes m . the ;refr active. 

' ~R; O.. Herzog. 39i98 (1926).: ; • 
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indices of fibers during mercerization. Preston" observed tl^t both the 
^^^^^el^'n,^^ axial refractive. md^ «.^axe 
lowSy rSeri^tion without t^^^^^ (Table ^6). fe calculat^^ 
St^XiL ixi index an average angle of inclination of the xri^s^llite^^^ 
m fiber and. from the angle of inclination, the.?outractxon which 

SeTer^^derwent during t^^^^ treatment, . ^^-^^^^' "^ 
^att dropped on mercerization mstead of ri^^ 



16 




m 



0 mg. 



17.8 

■ \- NaOH.jS • 

' Fig. 6i;— LoNGiTUDiNiLL Shrinkagb of 
' ' ■ Cotton Fibers Measured under Various Ten- 

. ■ ; . • 8ION8 . AFTER . FREE SHRINKAGE WaS ALLOWED. - / 

• • (Calvert*). • • " ... 

strated tl^ the da^ .cryst^e of merc^ed ceUuiose has a lower re- 
fractive index than has the single crystaUite of native cotton_ 

The most important fiber preppies .wUch are ^^^ed by the on^ 
tio?of the cr^staUites are breaking strength ^^^^^-^^/^^y-g" 
Ltensibility of a highly oriented fiber is very small, but its breaking 
S^^^t Mgh. In fac^^ Schubert- reported thajsingl, ^^^^-^^^^^ 

" J. M. Proton, Trans. Faraday 5oc., 29, 65 (1933). 
M C. Schubert, Dissertation, Dresden, 1932. 
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This effect is probably due to the production of a laore uniform fibo: 
section by the swelling p«K:ess. The claim has repeatedly been made that 
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Fig. 62.-^LoNGiTUbiNAi SiasiNKAGB 
. ScouEBD Cotton Fibers When Treated UNpER 
■ Various, Tensions wtth. NaOH; Solutions ^ 
(Calvert*). ■ 
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Flax, mercerized under tension 
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Cotton, native . 
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Lilienfeld rayon . / . . . 
LiUenfeld rayon, mercerized without tension 


■ 1.596 
. 1.571 
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niereerizing increases the mechanical strength of fabrids^and yams also. 
The quantitative data on this subject are, however, contradictory,. : . 
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Changes Produced in the Microscopic Structure of the fibers. For an 
understanding, of the increased luster (technically the most important 
change produced by mercerization) a study of the changes produced in the 
microscopic structure of the fiber is required. Immediately before the ripe 
boll bursts open and exposes its flocte of cotton to the atmosphere, the 
fibers are tubular, with the hollow center (the *lumen") occupying a con- 
siderable portion of the cross section. No convolutions or twists are pres- 
ent, and the cross sections approach very closely to an elliptical or even 
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. Fig. 63. — Dependence op the Properties op Cotton 
. Fibers on the Concentration op the M;^rcebj£[NG 
SoLTTTiON (Schubert"). i v . 

circular form. On exposure to the air, the fiber dries out quickly and 
collapses to form a flat, convoluted ribbon. Commercial cotton hair is in 
this form^ .'.'-^ 

When the cotton hair is brought into a mercerizing.solutibn, it begins to 
swell at once. . In a few seconds it becomes elliptical, and, on further swell- 
ing, the cross section becomes almost circular. The diametier of this section 
is at least 25 to' 30% greater than the width of the collapsed fiber. These 
stages of the swelling are shown diagrammatically in Figure 64. During 

" M. A. Calvert and F; Summers. J, T^tile Inst., 16, T233 (1925). 
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■ ■ ' cc the cellulose of the wall swells inwardly. After the 

not recover its. ongmal size. _ . ^ ■ ^derstood: 

There are some f^^^'f.^^^^S^circu^ form of the undried. ripe 
There was an opmtou ^[^^^^J^^ However, the lumeu of the 
cotton hair. '^^/g^^^t-^^.S^to an extent which is never- encoun- 
re^:^"i^: ^^e:^^^ There is 0^.0^^ 
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without tension is smoother than that of the native fiber and the con- 
volutions have disappeared, but, if the mercerizing is carried out under 
tension, theilmhen is even more constricted, the transverse section is per- 
fectly, cylindrical, and the siu^ace is perfectly smooth! The numerous folds 
and indentations are completely eliminated. Obviously, drying causes a 
certain cokstriction of the sldn which results in folds and creases of the 
surface, i)rovided no tension is applied. By what mechanism the appli- 
cation of 'the tension during the swelling, i. e., the stretching of the skin in 
the direction of the fiber axis ait the expense of the perimeter, prevents the 
folding duriiig the subsequent drying operation, is not dear. : Possibly 




FIG. 65;— Cross &crioNS OF Cotton Hairs (Adderley^^^ 

Key: (a) Native cotton hairs with low luster with average ratio of length of.major 
axis to that of minor axis equal to 2.95. ' • 

(b) iiative cotton hairs ynth, high luster with iaveirage axis ratio of 2.00. 

(c) Mercerized cotton hairs with average axis ratio of 1.60. 

. ■ . . • . •• . . f • ■ ■ " • . • •.. 

peculiarities of the organization of the primary wall have a decisive role 
here. : . . 

Through quantitative measxifements on single^fi^ Adderley^Vdemon- 
strated that the luster 6f cotton increases as the cross section of the hairs 
approaches a circular form. The correlation is a very good one, regardless 
of w:hether the cotton is mercerized or native (Figs. 65 and 66) ; The luster 
of flax arid ramie, which is considerable even in the native state, is not in- 
creiased by the mercerizing process. It seems, therefore, that the micro- 
scopic fiber structure is the determining factor in the amount of luster 
possessed by a fiber. . . : 

'« A. Adderley//. Tex^iie J»ji.. 15, .T195 (1924). 
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2. Theoiy of Mercerization = . 

The change in dimensions of the cdlulosic fiber in the process of mer- 
cerization without tension is the resultant of two components : swelling, 
which occurs mainly in the transverse direction, and shrinking, which occurs 
in the direction of the fiber axis . The first change is reversible with washing 
and drying, while the second is not. . That the sweUing is more pronounced 
in the transverse direction is easily explained by the assumption that the 
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Fig. 66.-LUSTER Number op Cotton ^^b^ as a FuKciioNfop ras Ratio of^ 
LENGTH OF THE. Major Axis of the Cross Section to That of the Minor Axis 
• (Adderlby?*).. -■ ■ ■■ \-;-;/V •" i . 

■■^"A^:*" Wadve cotton: - • • ' ; • ./ '•' • • 

•. Q-S: Mercerized cotton. : • ' ■ ' ' \ • 

take-up "of w^er occurs mosdy j^^^ 

thains and crystallites and that the latter are preferably oriented parallel . 
to the fiber axis. Neverthdess. the fact 6f contractiori k length r^quir^^^ 
kplanation:; Waiuse of the importance 'of shrinkage and: tension in the 
m^cerizatioii process, tiiis kplajiation occupies^^t^^^^^^^ *ff;. 

■.theory of the- mercerization., ■r ;C|-: '' •• 

The present knowledge of the mechanical , properties of high-polym^c 
siibstances peimits a derivation ofsucli a theory. . According to the idea^ Q^^ 
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Bungenberg de jong,^^ Hermans and de Leeuw,^^ and Kratky," the crystal- 
line regions of the cellulose fiber are bound in a mesh of amorphous ceUu- 
losic material. In the native fiber the amorpiious material is in the ex- 
tended state/ i. the cellulose molecules have more or less tJie form of . 
straight rods, pfobiably. as a consequence of the natural growth process.. 
According to the theory of 'Meyer, von Susich, and Valko,'^ the extjended 
chaininolecules iiave a tendency: to regain a statistically more- probable 
configuration : that corresponding to a coil or tangle of . thread. This 
tendency is the basis of the rubberrlike elasticity of all elastomers. The 
elaboratioii bf this idea in a quantitative way was furnished by Mark and 
his cowdrkers^^ and independently by Kuhh.*° The high viscosity of the 
celluibsic material does hot allow a cohtraction of; the chains. The 
swelling in sbdium hydroxide solution diminishes the friction between the 
chains thiis allowing the contraction. Since t^^ crystallites are suspended 
in the mesh of the extended chains, the contraction of thes^ chains causes a 
disorienUtion of the OTrstallites. 

According to the above theory, native cellulose can be compared with . 
rubber which has been cooled imder tension and, because of the high 
viscosity, does not contract after release of the tension until it is brought 
again to a certain temperature.; Similaf phenbniena are shown by other 
high-polymeric substances, such as: collagen,, which, when it is dry, shrinks 
at 90-120 °C., but when it is wet, shrinks even at 60-80 °C.»^ and silk, 
which shrinks e2ctensiyely on exposure to the swelling action of formic acid 
to give a product of rubber-like elasticity. . 

The fact that .^e shrinkage phenomenon of native cellttlose fibsers is not 
due to sotpe peculiarity of the native fibrillar structure is demonstrated by 
the obserlration that cielloiphane^.^ and cuprammonium. rayon*^ display a. 
completely analogous shrihkagie in caustic soda sbltition. These materials 
are fixed in the extended state by the coagulation ufader tension during the 
spinning procesi. : Bungenberg de Jong subjected cellulose xanthate in the 
plastic state to a stress and fixed it in the extended state by treatment with 
add. He f ouiid that ceUulbse so olDtamed undergoes even in water a longi- 
tudinal contraction with a simultaneous incriease in diameter. ' . 

w H. G. Bungenberg Jong, Z: physik. CW., 130, 205 (1927). 
"P.H. Hermans and A. J. de Leeuw,ii:dfftf«^Z., 81, 300. (W^ . 
" O. Kratky, 70, 14 (1935). . : 
. » K. H. Meyer. G, voii Susich, and E, Valko, Kolloid-Z„ 59, 208 (1932). 
w E. Guth and H. Mark, Monatsk, 65, 93 (1934). . . , • . .... 

W. Kuhn, Kolloid'Z:, 68, 2 (1934); 76, 258 (1936) ; 87, 3 (1939). ; . . . . 
" G. van Iterson, Jr.. Chem. WeekbUid, 30, 2 (1933). .. • 
.« G. Saitoi 49, 365 (1939). 
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MERCBRIZATION 

. 3 Optimum Conditioas for Mercerization 

fibers wluch are ixnportant are lus^.br^^^^^ 
tension, and the -previous treatmeat of the fibers. 




Fro 67--«HRINKA<» OF CcmON Yarn SOTr^^^ . 

V^OtTS CONCENTRATIONS AT VAMOUS T^^ 
P^Ttn^S (BiRtWBU., ClIBBBNS, GBAKB. AMD • • 

Ridge"). . 

tration. The fibers were aUowed to stonk ana shrinkage ob- 

original length before washing out ^^^^^^^ 

tained with the caustic ^^^^^^^ by the extent of -the 

n^ercerization of the fin^hed^er -s^m^^^ 

change in the x-ray diagram. The ""^^^^ >alue at about . 

strength, as weU as the ^-^^^ !^^^tr^J,i"J^£^^ brought no 

16% NaOH and an increase rn^e ^^^^^^Jj^ gj^owed that the 
further change in these properttes. The X ray aiagr 
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; ; . in. * cellulose fibers • 

degree of mercerization-^was . 100% at about 18% NaOH. The shrinkage 
has an pptimiim value at about 17% NaOH. The extensibility; decreases 
with increasing concentration and the lower limit is reached at 16% NiaOH, 
isrobably as a result ofconiplete untwisting of the fite^ . ' : 

. A systematic investigation of the effect of temperature and concentration 
of the mercerizing solution on the prpperties of cbttdri yarh was carried out 
by Edelstein/l the tempWatiires wa^e 15*'C.,^^S^^ and 43^C., and the 
NaOH concentrations, 13%, . 15.5??), 22,5%, and 29%. It was found; in 
■ agreement with the restdts 6f Birtwell, CUbbens, Geake, and Ridge^" 
(Fig. 67),. that the'lowei: the temp^aiture of tie. particular caustic solution, 
the.greater was the.tensio^ prevent the yam from shrinking in 

• ■ ., Table 7 r ' . '■ '■'.[.■ ;*■; 

EWBCT OF STRBTcimJTG; ptM MBROBRIZmO ON TTO PROPERTIES OP EGYPTIAN 
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UllB'i ' 


■;. BreaJking load, : 
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break, . •• 


Irtister number 


q-6q 


■ •■.'9 -.8 


'.- -le-.s.;.- 


::::-4;3 


. 1.00 ■ : . . . 


9.8 ■ ■ 






- : 1.90 


: io.2 


9. 4 .: ' 
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. • . 10.i2 ■: : ■ 


'■'./■•6.5; •. 


• • . 7.8- - • 
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♦ Original length 14.80 mm;;. sJi^^ ■ . . > c . " 

the solution and the greater was the dye affiiiity, the barium absorption 
ratio, and the tensile strength of the mercerized yarn. However, the effect 
of temperature on the.mefcerization was slight w^ien caustic solutions of 
high concentration.. wWe iised, With caustic solutions at lower concen- 
trations; the maximum luster was reached at the lowest temperature, but, 
with a caustic solution of ^ Tw^deU (23-3Q%) , it wasr^<ied at a 

temperatu^"of 32°G".v^^^^ 

The Meet of tmkon when applied after shrinkage was allowed is shown 
in Table 7. The optimum luster was r^ched when the original length was 
restored, but the absbliite'siriBUgth of diameter of fiber, increased 

sHghtly on further increase in the amoimt of stretching/ When this ab- 
solute strmgth is calculated, the decrease in diameter of the fiber by the 
stretching is to be taken into a-ccount. ; 

« S. M.Edelitein. Am, Dyestuff Eeptr., 25, P458i P724 (iflQ6) ; 26, P423 (1937). 
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• Edelstein« found that the greater the tension appUed to the yam in a 
particular icaustic solution, the greater was the luster and the less was the 
affinity for dyes of the finished material. This holds even if ^ie. tension is 
much higher than that which is just necessary to prevent shrmlage. These 
findings do not. disagree with the results of Schubert (Table 7) on sm^e 
fibers if it is taken into account that a tension , which may be sufficient 
to p'evLt shrinkage of the yarn or fibric as- a whole is not necessanly 
sufficientto prevent the shrinkage of the single fiber by slipping. 

T^mm^cial practice the fibers are generaUy not allowed to remam m 
contact with the mercerizing solution for more than a mmute. It « there-, 
«t2Sy to obtain acomplete penetration of thei abric - Tarn - tbs 
;St tim^This is generally achieved by using ^^^^^^"^^^^^^ 
cotton. If the mercerization is. carried out with raw cotton, a wettog 
afeS inust beidded to the bath. These agents are surface-activ^ sub- 
Ses which are stable even at the high so<^um hydxo^de concentration 
used and wUch lower the interface tension against the surf ac? impunties of 
thefiber. Themostwiddy used agents are higher homolbgs of phenol. .. 
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Chapter 9 



Crystalline Alkali-Cellulose Complexes 
as Intermediates During Mercerization 

Anatole Sarko, Hisao Nishimura', and Ihkeshi Okano^ 

Department of Chemistry and Cellulose Research Institute, College of Environmental 
Science and Forestry, State University of New York, Syracuse, NY 13210 



During a controlled mercerization of ramie cellulose^ 
the cellulose I crystal structure is irreversibly con- 
verted to cellulose II through several crystalline 
alkali-cellulose complexes.. The crystal structures of 
three of the complexes — Na-celluloses I, IIB, and IV 
-7 are providing information, on the characteristics of 
the Interactions between cellulose and the Na ions, on 
the forces operating In the formation of these struc- 
tures, and on the likely mechanism of the conversion^ 
Although the formation of secondary bonds between Na 
ions and the hydroxy! groups of cellulose mwst be an 
important driving force in the formation of crystalline 
complexes, the hydrophobic attractions between cellu- 
lose chains appear to be at least as Important- The 
transformation of the parallel-chain structure. of cel- 
lulose I to an antiparallel one takes place already 
during the initial conversion step, from cellulose I to 
Na-cellulose !• 



It was observed in earlier studies of controlled alkall-mercerlzatlon 
of ramie cellulose that the crystal structure of native cellulose is 
transformed to cellulose II through a series* Of crystalline alkali- 
cellulose complexes (1,2). The relationships between these "Na- 
celluloses" and their pathways of transformation are Illustrated in 
Fig. 1. It has further been observed that all of the transformations 
are crystal- to-crystal phase changes, not involving Intermediate 
amorphous phases. All of the experimental evidence has suggested 



'Current address: Research Center, Daicel Chemical Industries, Ltd.. Himeji. Japan 
-Current address: Department of Forest Products, Faculty of Agriculture, 
University of Tokyo, Bunkyu, Tokyo, Japan 
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that the first conversion step — from cellulose I to Na-cellulose 1 
— is apparently the step in which a transformation of the parallel- 
chain polarity to the antiparallel one takes place. 

As shown by the x-ray diffraction diagrams reproduced in Fig. 2, 
the Na-celluloses exhibit a relatively high degree of crystallinity 
and excellent crystalline orientation. In view of this, further 
delineation of the transformations and the mechanism of mercerizatlon 
were attempted through the crystal structure aoalysis of three of the 
complexes; Na-celluloses I, IIB, and IV, All analyses have now been 
nearly completed, and a preliminary account of the results is given 
below. The detailed descriptions of the crystal structures will be 
published separately after the completion of the studies. 

Experimental 

The methods of sample preparation, the characteristics and the proba- 
ble composition of all of the complexes, . and the procedures for 
obtaining x-ray fiber diffraction diagrams have been previously 
described in detail (1,2). The procedures of crystal structure anal- 
ysis followed in these studies are identical to those used in previ- 
ous analyses concerned with the structures of .celluloses and other 
polysaccharides (cf., in particular, refs. 3-5)- In all .cases, both 
stereochemical and crystallographlc structure refinements were car- 
ried out in parallel. The refinement of both the chain conformation 
and the chain packing were conducted with completely flexible chain 
models, using computational procedures that allow any desired struc- 
tural parameter to be made a refinable variable (3). The positions 
of the solvent and the complexing molecules in the unit cell were 
explicitly considered, whenever warranted (5). Further details of 
the analysis and the refinement procedures will be given in reports 
dealing with the individual crystal structures. 

Results 

Na-cellulose I . The structure of the ^ Wa-cellulose I complex, 
although not as crystalline as that of celiulose I, obviously shows 
an equally good fibrous orientation (cf. Fig. 2A). The crystal 
structure is described by a large, four-chain unit cell, shown in 
Fig, 3. It contains 8 Na*^ and OH" pairs of ions and probably 16 mol- 
ecules of water. The chain conformation is marked by features common 
to all crystalline cellulose polymorphs: an approximately 10.3 % 
fiber repeat, a ribbon-like, twofold helical molecular shape, and the 
familiar 0(3)— 0(5') and 0(6)— 0(2') intramolecular hydrogen bonds. 
The characteristics of the chain packing aria in accord with this 
chain conformation, showing a stacking into sheets along two direc- 
tions. The presence of NaOH and water in the crystal structure, how- 
ever, obviously contributes to considerable differences between the 
structures of Na-cellulose I and cellulose I. 

The major difference between these two crystal structures 
resides in the chain packing polarity. As expected from the convier- 
sion studies and the irreversibility of the cellulose I to Na- 
cellulose I transformation, the crystal structure of Na-cellulose I 
is based o^ antiparallel chains (cf. Fig. 3). Because of the pres- 
ence of Na ions, which apparently form secondary bonds with the eel- 
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Fig* I. Transformation pathways between cellulose and Na- 
cellulose crystal structures. (Reproduced with permission from 
ref. I. Copyright 1986 John Wiley & Sons, Inc.) 




Fig. 2. X-ray fiber diffraction diagrams of: (A) Na-cellulose t, 
(B) Na-cellulose IIB, and (C). Na-cellulose IV. (Fiber axis is 
vertical). 




Na-Cell I 

Fig- 3. The unit cell of Na-cellulose I in x-y projection: a « 
8.83, b « 25.28, £ (fiber axis) = 10.29 L The cellulose chains 
are shovn in outline only^ and filled circles indicate the posi- 
tions of Na Ions. Secondary and hydrogen bonds are shown by 
dashed lines. 



m 

m 



• i 7 



■1% 

i 



1 
i 



• -111 



■i 



THE STRUCTURES OF CELLULOSE 

lulose hydroxyl groups, all of the interchain hydrogen bonds that 
ordinarily stabilize the cellulose I structure have been broken. As 
a result, distances between chains in the b direction of the unit 
cell have increased and intermolecular hydrogen bonds are not pres- 
ent. Nonetheless, the chains are still arranged in sheet-like struc- 
tures, both along the a and b dimensions of the unit cell. It 
appears that these sheet-like formations result from the ribbonlike 
conformation of the cellulose molecule and, as discussed later, 
hydrophobic attractions. 

Na-cellulose IIB > When Na-cellulose I is allowed to absorb more 
NaOH, a considerably different crystal structure results (cf. Fig- 
A)- The chain conformation departs from 2^ symmetry and forms, 
instead, a threefold helix. The helices pack antiparallel in a hex- 
agonal fashion, with a relatively large separation distance. The 
unit cell contains more than 60% of non-cellulose constituents — 
NaOH and water — surrounding each helix with a liquid-like struc- 
ture. " The presence of a large number of Na*^ ions quite likely 
results in the formation of many secondary bonds between the cellu- 
lose hydroxyls and the ions, forcing a scission of the remaining 
intramolecular hydrogen bonds that are present in the Na-cellulose I 



structure. 



The threefold helices of cellulose are chiral, i.e., their left- 
and righthanded conformations are not identical. It is not yet known 
whether the structure of Na-cellulose IIB is characterized by one 
particular helix handedness, as both conformations are stable and of 
not very different conformational energy. The x-ray diffraction dia- 
gram (cf. Fig. 2B) is rich in detail and it should be possible to 
determine the handedness of the Na-cellulose IIB. helix • from a 
detailed x-ray refinement. 

Wa-cellulose IV . After all of the alkali has been washed from the 
Na-cellulose IIB complex, but prior to its drying, an x-ray diffrac- 
tion diagram very similar to that of cellulose II is obtained (cf. 
Fig. 2C). The crystal structure of this Intermediate — Na-cellulose 
IV — is based on a two-chain, monoclinic unit cell that is indeed 
very similar to that of cellulose II (cf. Fig. 5). The similarities 
extend to an antiparallel chain packing' and a hydrogen-bonded sheet 
structure (6); the differences arise from the presence of two .water 
molecules in the unit cell. The water molecules are situated in 
crystallographically defined positions, within the sheets composed of 
corner chains, i.e.. between chains of like polarity. As a conse- 
quence, they participate in the hydrogen bonding linking the chains 
in the b direction of the unit cell. ..In so doing, they lengthen the 
b-axis Telative to cellulose II. Although the overall pattern of 
hydrogen bonds in Na-cellulose IV differs little from that in cellu- 
lose II. there are some significant differences (6). For example, 
because the water molecules disrupt the 0(3)-0(6) intermolecular 
hydrogen bonds between the corner chains, the normally tg conforma- 
tion of the corner chain 0(6) hydroxyls is changed to gt in Na- 
cellulose IV. This evidently allows the formation of a maximum num- 
ber of hydrogen bonds, as each water molecule takes part in four 
hydrogen bonds. The center chains, not having any water 
present within the sheet, retain the j^t 0(6) conformations and the 
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Fig. 4. The unit cell of Na-cellulose IIB in x-y projection: a 
» b = 14.94, £ (fiber axis) = 15-39 A, gr - 120°. The unit cell 
is assumed to be filled with NaOH and water. (Also see caption of 
Fig. 3). (Reproduced with permission from ref. 13. Copyright 1985 
Gordon & Breach.) 





No-Cell lU 



Fig. 5. The unit cell of Na-cellulose IV in x-j Projection: a = 
9.57, b» 8.72, c (fiber axis) » 10.35 A, ^ = 122°. The posi- 
tions water molecules are indicated by filled circles. (Also 
see caption of Fig. 3). 



174 



THE STRUCTURES OF CELLULOSE 



9. SARI 



intermolecular hydrogen bonds that are characteristic of cellulose 
II. 



■m: 



iS\-: - 



iiiS 



■Sift f 



If 
SI! 



Discussion 

From the point of view of the mechanism of mercerization, the fea- 
tures of these crystal structures and their Interlinking transforma- 
tions support our present understanding of the process. For example, 
it is known from previous studies that the conversion of cellulose I 
to Na-cellulose I begins in amorphous regions of the former, and pro- 
ceeds initially by converting both such regions as well as the small 
crystallites (7,8). The amorphous or poorly crystalline regions of 
cellulose I are of the order of 30-40 A in lateral dimensions, as 
indicated by crystallite size measurements (7). Therefore, a consid- 
erable amount of cellulose I material can be converted to Na- 
cellulose I before the larger crystallites are attacked. The conver- 
sion thus proceeds for the most part in the presence of crystallites 
of cellulose I that may exert a directing Influence toward the prod- 
uct that forms. The threefold helical Na-cellulose IIB Is likely to 
be a more stable structure relative to Na-cellulose I, but it appar- 
ently is not formed in the presence of unconverted cellulose I. The 
initial conversion to an alkall-complexed cellulose may, consequent- 
ly, be controlled by some features of the sheet-oriented crystalline 
celluloses. 

The antiparallel structure of Na-cellulose I is also not sur- 
prising- It is now well understood that a cellulose fiber Is com- 
posed of a large number of microfibrils that are essentially single 
crystals in cross section. The microfibrils of cellulose I are 
parallel-chain single crystals whose formation is directed by biolo- 
gical processes (9). The aggregation of microfibrils into a fiber, 
however, is most likely a statistically random process, resulting in 
a fiber morphology that is marked by roughly equal numbers of "up" 
and "down" pointing microfibrils. The majority of the non- 
crystalline or amorphous regions in a cellulose I fiber may, there- 
fore, be thought of as interfaclal regions between microfibrils that 
are randomly pointing in two directions (cf. Fig. 4 in ref. 2). A 
supply of antlparallel-orlented chains is thus readily available, 
leading to an antlparallel-chaln crystal* structure with little effort 
In lateral rearrangement of chains. The presence of hydrogen-bond 
.breaking NaOH In considerable quantity certainly facilitates lateral 
segmental motion and the resulting transformation to Na-cellulose I. 
These processes and the above-described fiber morphology are schemat- 
ically illustrated in Fig. 6. 

Once all vestiges of an Interchain hydrogen-bonded cellulose 
structure have disappeared and the NaOH supply Is sufficiently large, 
the more stable threefold helical Na-cellulose IIB structure forms 
quickly and easily- As reference to any conformational energy map of 
cellulose shows (cf., for example, Fig. 2 of ref. 10), both left- and 
righthanded threefold helical conformations of an isolated cellulose 
chain are within the allowed region of cellulose conformations. They 
are not within the minimum energy regions surrounding the twofold 
helical chain because of the absence of Intramolecular hydrogen 
bonds. By providing a field of electrostatic attraction from the 
surrounding Na"** ions and the probable formation of many secondary 
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Fig. 6. Probable conversion of the cellulose I crystal structure 
to that of • Na -eel lulose I by the action of . NaOH. Crystallites 
are Indicated by boxed-in areas and chains by circles; + indi- 
cates "up" and - indicates "down" chain directions. The Na ions 
are denoted by filled circles. (Reproduced by permission from 
ref. 8. Copyright 1987 John Wiley & Sons, Inc.) 
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Fig. 7. A comparison of the unit cells of celluloses I and II, 
and Na-celluloses I, IIB, and IV, drawn roughly to scale. Arrows 
indicate the probable directions of hydrophobic attractions. 
Filled circles indicate Che positions of Na"** ions or water mol- 
ecules. Secondary and hydrogen bonds are shown by dashed lines. 
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bonds between Che latter and the hydroxyl groups of each glucose 
residue, such a conformation could become a very stable one. Its 
stability Is probably not decreased significantly by the liquid-like 
surroundings of the cellulose helix in Na-cellulose IIB relative Co a 
structure in which all Na"*" ions would be In crystallographlcally 
defined positions. 

Removing the NaOH from the structure through washing with water 
removes the energy-lowering electrostatic field. This results In a 
conversion of the structure to the only energy-lowering one that Is 
available to It — a twofold helical, interchain hydrogen*-bonded 
sheet structure. Because cellulose II is the most stable cellulose 
polymorph (10), It is not surprising that the conversion product of 
Na-cellulose IIB approaches it after washing. It Is somewhat sur- 
prising that a hydrated structure forms at all, as it is unstable and 
converts readily to cellulose II upon drying. Nonetheless, it does 
form and its structural features suggest the presence of hydrophobic 
attractions that may have a bearing on all twofold helical cellulose 
structures. 

For example, interchain hydrogen bonds could be thought of as 
the single dominant force in the crystallization of celluloses and 
Na-celluloses. Therefore, it might be expected that in Na-c el lu loses 
1 and IV the Na"*" ions and the water molecules, respectively, would 
occupy positions between the hydrogen-bonded sheets. Instead, they 
disrupt the hydrogen bonds within the sheets, leaving inter«*sheet 
contacts along the 020 (and 110 , respectively) directions unchanged. 
Because there are no hydrogen bonds present in these planes, it is 
very probable that hydrophobic attractions operate along these direc- 
tions, between the hydrogen-bonded sheets. Comparing the structures 
of celluloses I and II, and Na-celluloses I and IV, as shown in Fig. 
7, reveals a common form of stacking of chains In all of these struc- 
tures — strongly suggestive of hydrophobic attractions. Other cel- 
lulose polymorphs, e.g., celluloses IIIj, IVj, and IVjj (not shown 
here), also conform to such chain stacking (11,12). Therefore, it is 
very probable that the aggregation of cellulose chains into various 
crystalline structures may primarily be governed by hydrophobic 
attractive forces. The only exception seems to be Na-cellulo^e IIB 
where the strong Interaction between cellulose and the Na ions 
appears to override any other forces, witli 'the consequence that the 
cellulose chain adopts an unusual conformation. 
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